Abstract. Apollo X ray spectrometer data provide chemical information for 9% of the lunar surface. Galileo solid state imaging system (SSI) multispectral data for the Moon are employed to reexamine the long-accepted positive correlation between lunar surface reflectance (or albedo) and aluminum concentration, derived from Apollo X ray spectrometer data. The overall goal of the analysis is to quantify the relationship between reflectance and aluminum, and to take advantage of the extensive spatial coverage of the SSI data (-75% of the lunar surface) to calculate aluminum concentration from SSI reflectance for the majority of the lunar surface. After removing nonmature highlands from the analysis, it is found that the relationship between lunar surface reflectance and X ray spectrometer-derived aluminum concentration is described by two diffuse endmembers, representing highland and mare materials, and an apparent mixing line suggestive of mixtures of mare and highland materials. Regression analysis is utilized to show that whereas the correlation between reflectance and aluminum for the entire lunar soil system is fairly good, the correlations for mare soils alone and for highland soils alone are extremely low. The low precision of the Xray data may at least in part be responsible for the observed poor correlations. Although the low correlation for the individual soil types precludes the precise calculation of aluminum concentration from reflectance, approximate aluminum contents can be determined. The excellent inverse correlation between aluminum and iron concentration for returned lunar soils allows an estimation of iron content to be made as well. An extensive zone of mixtures of mare and highland soils exists in the vicinity of mare-filled impact basins, and around smaller craters. This zone occurs in morphologically defined mare and highland units. Physical mixing of more mafic and less mafic material due to vertical and lateral transport by impact and downslope movement can account for the widespread mixing zones.
Introduction
Mineralogical information provided by high spectral resolution visible and near-infrared reflectance spectroscopy, and elemental information provided by X ray and gamma ray spec- Whereas most high spectral resolution near-infrared instruments currently in use produce data that are limited in terms of spatial extent, multispectral cameras provide greater synoptic spatial information at higher spatial resolution, albeit with less mineralogical information due to much lower spectral sampling. The Galileo solid state imaging (SSI) system multispectral data in particular are important in that they provide approximately 75% digital multispectral coverage of the lunar surface at spatial resolutions as high as 1.1 km/pixel. See Three principal data sets were used in this study: Apollo Xray data, SSI multispectral imagery, and laboratory spectroscopic data of lunar soils. The X ray spectrometers that flew aboard the Apollo 15 and 16 command modules provided data for aluminum and magnesium abundances in the upper tens of 
The Aluminum-Reflectance Relationship
A positive linear correlation between the albedo and aluminum concentration of the lunar surface was recognized during the initial stages of X ray data analysis [e.g., Adler et al., 1972 Adler et al., , 1973 . Early studies recognized the expression of the mare/highland dichotomy in the relationship--in which the darker mare regions are less aluminous than the brighter, more aluminous highland regions. It was also discovered that bright, freshly exposed material associated with recent impact events does not fall along the positive correlation characteristic for other soils [Adler et al., 1973] . The linear relationship between aluminum concentration and reflectance in the remote data was attributed to the same mineralogical relationship that controls the aluminum and iron concentration in lunar soils as a whole, namely, the interplay between amount of bright, aluminous, plagioclase-rich material and absorbing, relatively aluminum-poor, ilmenite and pyroxene-rich material [e.g., Adler et al., 1972; Clark et al., 1976] . These early analyses of the aluminum-reflectance relationship relied on telescopic albedo data for the Moon that were characterized by relatively low spatial resolution, were in some cases analog [e.g., Pohn and Wildey, 1970] , and in all cases were limited to the lunar nearside. The higher spatial resolution, extensive coverage (including half of the farside), and digital format of the SSI data provide an opportunity for a detailed reexamination of the relationship between reflectance and aluminum, and an opportunity to calculate aluminum concentration for the majority of the lunar surface.
Figure l a is a SSI mosaic of our study area at 0.76 gm. Superimposed upon the region is an outline of the extent of the X ray coverage in the area. The 0.76-gm data were chosen over the nominal 0.56-gm data because in raw form the 0.76-gm data appear to exhibit a smaller amount of frame-to-frame offset errors than the 0.56-gm data. After normalization to a central "truth". frame, there were no remaining detectable frame-toframe offsets in the study area. Shown in Figure lb is aluminum concentration for this region derived from the Apollo X-ray spectrometer data. The photometrically corrected SSI reflectance at 0.76 gm is compared in Figure 2 to elemental weight percent aluminum calculated from the X ray data. As noted above, in the present analysis the 0.76-gm reflectance data are normalized to the reflectance of the lunar spectral standard area, Mare Serenitatis 2 (MS2). The overall focus of the analysis presented here is to quantify the relationship between SSI reflectance and X ray alu- 
Quantitative Analysis of the AluminumReflectance Relationship
In order to accurately evaluate the relationship between aluminum content and SSI reflectance, the data were reprojected to an equal-area projection, and the SSI data were then resampled to the spatial resolution of the X ray data. Shown in Figure Although the correlation for the entire mare/highland soil system is moderately good (correlation coefficient of 0.71), in order to have confidence in the calculation of A1 concentration from SSI reflectance data, not only must the correlation of the entire system be good, but A1 and reflectance must be highly correlated for mare soils alone and for highland soils alone as well. To test the correlation for the individual soil types, linear regression analysis was performed separately on the mare, highland, and mare/highland mixture zones. These soil types were defined on the basis of reflectance, as discussed in the previous paragraph. The correlation coefficients resulting from linear regression analysis are shown in Table 1 . Whereas the correlation coefficient for all data is moderately good, the coefficients for the individual soil types are all less than 0.4.
These results indicate that neither mare nor highland soils alone exhibit a systematic linear relationship between reflectance and X ray spectrometer-derived aluminum. The same is true for the group of soils that are mare/highland mixtures.
We are left to conclude that the long-accepted linear relationship between aluminum and reflectance is due at least in part to a mixing line between two diffuse endmembers, broadly defined by mare and highland materials. The low precision of the X ray data may, however, artificially lower the correlation coefficients (see below). Although the poor correlations preclude the simple precise calculation of aluminum concentration from reflectance, the relationship nevertheless (1) allows an approximate calculation of aluminum concentration to be made for the three major soil types, i.e., mare, highland, and mare/highland mixtures, (2) suggests a somewhat more complicated relationship than expected between highland soil optical and compositional properties, and (3) yields information concerning large scale mixing of mare and highland materials.
These are discussed below. In the above regression analyses, the uncertainties of the data were assumed to be negligible. This is certainly not the case for the X ray data. SSI data (particularly monochromatic imagery) are characterized by much higher precision than the X ray data, and thus we will focus our attention solely on the errors in the X ray data. Figure 6a illustrates quite well that soils with reflectances less than 1.2 times the reflectance of MS2 correspond exclusively to noncontaminated mare regions. The correlation coefficient for linear regression between reflectance and aluminum for these materials alone is a very low 0.27. The lack of a systematic relationship between aluminum and reflectance for mare soils is not surprising. There is a large and widely varying abundance of opaque minerals (mostly ilmenite) in mare soils. This opaque component significantly complicates the theoretically simple mineralogical relationship that controls both brightness and aluminum concentration, i.e., the interplay between the abundance of bright, aluminous, plagioclase-rich material and more absorbing, aluminum-poor, mafic-rich material [e.g., Clark et al., 1976] . Although the optical behavior of mare soils thus does not lend itself to the precise prediction of aluminum concentration, the positive correlation of all data suggests that all soils with reflectances less than 1.2 times MS2 are characterized by aluminum concentrations less than 10.5 elemental weight percent. Comparing soils in this reflectance range to the X ray aluminum data, it is found that 82% of the pixels characterized by reflectances less than 1.2 times the re- It is instructive to note that both the Cayley and Descartes materials sampled at the Apollo 16 site plot as outliers in reflectance-aluminum space (Figure 2) . Because soil returned from the Apollo 16 site is often considered to be "average" highland material, the fact that the Apollo 16 soils are outliers in reflectance-aluminum space lends credence to the possibility that widely varying highland mineralogy is at least in part responsible for the scattered aluminum-reflectance relationship. This also suggests that the highland soils at the Apollo 16 landing site perhaps should not be referred to as "typical highland materials," as they are often described.
Mare soils. The spatial distribution of soils in
As is the case for the mare soils, although the scattered aluminum-reflectance relationship for highland materials precludes the precise calculation of aluminum concentration from reflectance, it can be calculated that mature soils with reflectances greater than 1.4 times the reflectance of MS2 have aluminum concentrations greater than 12.0 elemental weight percent. Comparing soils in this reflectance range to the X ray aluminum data, it is found that 82% of the pixels characterized by reflectances greater than 1.4 times the reflectance of MS2 do indeed contain greater than 12.0 wt% aluminum. The average A1 content of highland soils in the X ray coverage portion of the study area is 13.5 _+2.3 wt%. Figure 7) . Clearly, the scale of mixing suggested by the combined X ray/SSI analysis and that suggested by previous sample analyses must be reconciled.
Observational Limitations
Can the low spatial resolution of the X ray spectrometer and stray light in both the spectrometer and the SSI camera produce spurious "mare/highland mixing zones?" The effective spatial resolution of the X ray spectrometer is approximately 30 km [Clark and Hawke, 1981] , whereas the SSI data exhibit reflectance gradients on the scale of 100 km at 1.9 km/pixel. Therefore, although the observed width of the apparent chemical mixing zone may be explained in part by the low spatial resolution of the X ray data, the extremely wide reflectance gradient still must be accounted for. 
Conclusion
Quantitative compositional information has been derived using the spatially extensive Galileo SSI data. Specifically, SSI and Apollo X ray spectrometer data were combined to calculate the general concentration of aluminum in lunar soils from SSI reflectance measurements. Analysis of the long-accepted relationship between aluminum concentration and reflectance of the lunar surface confirms the overall positive correlation for lunar soils as a whole. However, detailed examination of the aluminum and reflectance values with the Apollo X ray and Galileo SSI data for mare and highland soils alone reveals no systematic relationship between reflectance and X ray spectrometer-derived aluminum concentration. The relatively low instrumental precision of the present X ray data may be responsible for the observed poor correlations. In reality, aluminum and reflectance may be more directly related. The positive correlation of the system as a whole (including mare and highlands together) is found to be due at least in part to mixing of mare and highland material. The SSI data reveal a distinct reflectance gradient across mare/highland boundaries, where reflectance decreases from the morphologic boundary into the mare and increases into the highlands. In some cases, the reflectance gradient extends up to hundreds of kilometers into the highlands. The widespread occurrence of the gradients at mare/highland borders implies a pervasive mechanism of formation. Physical mixing (both vertical and lateral) by basin-and non basin-scale impact can account for the observed mare/highland mixing in the study area. Finally, the observed spectral properties of at least some "red" basalts, specifically the LBG basalts [Pieters, 1978] , are suggested to result from the mixing of a significant highland component with basaltic mare material.
Higher spatial resolution Clementine multispectral data may be useful in evaluating the details of the reflectance gradient into the highlands and perhaps in clarifying its origin. Certainly, the global nature of the Clementine data should reaffirm the ubiquitous character of the reflectance gradients noted in this analysis and should allow the general abundance of aluminum and iron to be estimated for the entire lunar surface.
